Summary. Hopping mice were examined to study two interrelated questions: (1) 
Introduction
The Australian hopping mouse, Notomys alexis, has a most unusual reproductive anatomy in which males have extremely small testes and epididymides with relatively low stores of highly pleiomorphic spermatozoa (Breed & Sarafis, 1979 , 1983 Breed, 1981 Breed, , 1982 Breed, , 1986 Suttle et ai, 1988; Peirce & Breed, 1989) . If one can extrapolate across mammalian orders such features might suggest low levels of inter-male sperm competition, perhaps due to a monogamous mating system or the occurrence of single male breeding units, and/or low copulatory frequency (Short, 1980; Harcourt et ai, 1981;  Harvey & Harcourt, 1984; Kenagy & Trombulak, 1986; Moller, 1988; Baker & Bellis, 1989) .
The arrangement of the accessory sex glands is also highly divergent in these animals with all glands, apart from the ventral prostate, being minute (Breed, 1981 (Breed, , 1982 (Breed, , 1986 . Studies on New
World muroids with a simple baculum have shown an association between reduced accessory sex glands, absence of a copulatory plug, and locking during copulation (Dewsbury, 1975; Estep & Dewsbury, 1976; Härtung & Dewsbury, 1978; Voss, 1979; Baumgardner et ai, 1982) . Voss (1979) has also suggested that locking during copulation might tend to evolve in monogamous species and assume a role in assistance of sperm transport through the cervix that, in the ancestral condition, is aided by the presence of the copulatory plug (Blandau, 1945; Matthews & Adler, 1977 . It might be anticipated from these data, therefore, that the hopping mouse also locks during copulation and does not form a copulatory plug. These features have in fact recently been found to occur in this species by Dewsbury & Hodges (1987) , although previously a small amount of material was found after histology was performed on the cranial part of the vagina which was thought to be a minute vaginal plug (Breed, 1985) .
Groups of adult, laboratory bred, hopping mice of both sexes living in the same cage exhibit much huddling behaviour, although when strangers are placed together the female is usually the more aggressive sex (Happold, 1976) . Thus, in order to explain a possible relaxation of intermale sperm competition in this species of murid rodent in which adult males are remarkably unaggressive and huddle together in groups with the females, it was suggested that once a female had mated with one of the males, she may then prevent others from copulating with her (Breed, 1986 In most animals 10% buffered formalin was injected intraperitoneally shortly after death and the reproductive tract removed 10 min to 1 h later. In other animals the whole reproductive tract was removed, taking care not to grip the tissue except at the distal end, and then immersed in 10% formalin for at least 10 h. Subsequently the uterus, cervix and vagina were cleaned of adherent fat, and cut with a razor blade into 5-8 mm segments. These, together with the ovaries and oviducts, were subsequently dehydrated, embedded in paraffin wax, and 7-10 µ serial sections were cut for histology on a rotary microtome. They were mounted on glass slides and stained with haematoxylin and eosin or periodic acid-Schiff (PAS). The sections of the lower parts of the tract were scanned for presence of coagulum in the lumen of the reproductive tract and for the presence and distribution of spermatozoa. The ovarian sections were inspected for recently formed corpora lutea and the oviducts for recently ovulated oocytes. Eight control females, given 30 i.u. PMSG followed by 30 i.u. hCG 72 h later, were killed between 13 and 17 h after the hCG injection. Histological sections of the upper vagina, cervix and lower uterus were prepared similarly to those of the mated animals and scanned for any intraluminal material.
Results
Sixteen separate tests were performed on groups of males and females that were available for study. Generally, after the removal of the partition, much chasing between the animals initially took place. However wounds were not inflicted and, after a variable period of time, all the animals settled down and usually huddled together in one of the corners of the cage. There was no indi¬ cation that group size or sex composition in any way influenced the behaviour of the animals. Periodically, at various times after huddling had started, bouts of chasing and mounting by most of the males and females took place. Sometimes (Fig. 3) ; a tangled mass of spermatozoa in the lower uterus is also evident (Fig. 4) Neither of the 2 females that mated and were killed between 9 h 30 min and 11 h 10 min after hCG had ovulated, whereas 7 out of 10 of those killed between 12 h 55 min and 17 h 2 min after hCG had recently ovulated oocytes in the oviducts. In a female killed 20 min after the first lock extensive eosinophilic, and PAS-positive, material was present in the lumen of the upper vagina and throughout much of the cervical canal (Figs 1, 3) . A few spermatozoa were present within this material, but they were more abundant just cranial to the coagulum where a tangled mass of spermatozoa occurred (Fig. 4) , together with some weakly stained eosinophilic material. In the lower region of the uterus groups of spermatozoa were congre¬ gated at the base of some of the uterine glands, whereas other spermatozoa were found scattered throughout the uterine lumen. Some groups of spermatozoa were also present in the cranial part of the vaginal lumen, and between the edge of the coagulum and the epithelial lining of the cervix (Fig. 3) .
In another 7 animals killed between 34 min and 8 h 10 min post coitum eosinophilic coagulum, usually surrounded by spermatozoa, was found in the lower region of the female tract (e.g. Fig. 2 ). In none of the control animals, however, was any such eosinophilic material found in any region of the tract.
Discussion
Previous conclusions from behavioural observations (Kleiman, 1977) , male reproductive anatomy (Breed, 1981 (Breed, , 1986 Kenagy & Trombulak, 1986) and copulatory behaviour (Dewsbury & Hodges, 1987) have all suggested that the hopping mouse may exhibit a monogamous mating system. This is, however, difficult to reconcile with what is known about the animals' social behaviour, at least within the laboratory, where all individuals within any one group, including adult males and females, huddle together in the cage for much of the time and show virtually no aggressive behaviour towards each other. However, Happold ( 1976) showed that when strangers were introduced to each other in a neutral cage considerable agonistic interactions took place for a short period, with the levels of aggression usually being significantly greater between adult females than between adult males for which fighting in contact was rare and bites seldom inflicted. These observations therefore indicate that the female is generally the more aggressive sex in this species, with male hopping mice showing remarkably low levels of aggression both towards each other and towards females regardless of their endocrine state. As a consequence, in an attempt to resolve the apparent paradox that small testis size and low sperm numbers occur in adult hopping mice that appear to exhibit group living of both sexes, it was suggested that once a female had been mated by one of the males she might then prevent others from mating with her (Breed, 1986) . This could thus lead to depressed levels of intermale sperm competition and hence the evolution of small testis size and low sperm numbers in this species.
However, the present findings indicate that, when groups of laboratory bred adults of both sexes are kept together in one cage, an oestrous female will sometimes lock with more than one of the males within the group. Insemination occurs intravaginally and the pattern of copulatory behaviour, including locking, was similar to that previously recorded by Dewsbury & Hodges (1987) for mating during natural oestrus and after priming with steroids. The maximum length of the lock observed by these workers was 163 sec, whereas in this study the average length was 106 sec with the longest lock lasting for 553 sec. On 5 occasions a female clearly locked with 2 males and en at least one occasion sperm transfer took place during the first locking episode. Although it was not possible to verify insemination on the second occasion this may have taken place, thus raising the possibility of the occurrence of intermale sperm competition. From observations on the subsequent behaviour of the animals after the first mating there was no suggestion of the male showing any behaviour that could be interpreted as protecting or guarding his investment, nor did the female show any difference in behaviour towards the other males including the second male before, or when, he subsequently locked with her.
Other instances were observed when a male exhibited a lock with 2 of the females and on one occasion with 3 separate females within the observation period of a few hours. However, more than one insemination was not proven and, as locks do not always result in ejaculation, and this cannot be determined from behavioural observations, it has yet to be shown that a male can successfully inseminate 2 or more females within a short period of time. It is therefore not yet known whether a male is compromised in his fertility after one ejaculation due to his low sperm numbers. It has however previously been found that a male hopping mouse can successfully sire litters of 3 separate females within a period of 7 days (Breed, 1981) . These observations on laboratory bred and main¬ tained hopping mice thus do not support the proposition that the behaviour of the female after mating prevents another male from mating with her, at least within the confines of a laboratory cage, nor do they indicate that a male locks with only one female when several females come into oestrus at about the same time. Whether these findings reflect the situation in the natural environ¬ ment remains to be determined but the very limited data suggest that 2 or 3 reproductively active pairs can occur in the same nest in the one burrow system (Stanley, 1971; Happold, 1976 (Happold, 1976; Breed, 1982) , although testosterone concentrations (Breed, 1983) are only slightly lower than in some other species of murid rodents with much larger testes.
The second finding of the present study is the indication that, after ejaculation, the lower portion of the female reproductive tract has a small amount of coagulum or 'plug' of soft material. This is, however, very different in position and composition from the much larger, hard, intravaginal plug that occurs in most other murids (see Härtung & Dewsbury, 1978; Voss, 1979) . Much of the material of the coagulum of the hopping mouse is highly eosinophilic, and PAS-positive, and it occurred in the lumen of the cervix and even lower uterus as well as in that of the cranial region of the vagina. In the common laboratory murids the vaginal plug is largely produced from secretions of the seminal vesicles and coagulating glands (Blandau, 1945; Gotterer et ai, 1955; Price & Williams-Ashman, 1961; Pang et ai, 1979; Queen et ai, 1981) and it is probably necessary for sperm transport through the cervix (Blandau, 1945; Matthews & Adler, 1977 Dewsbury, 1988) . It may also assist in protecting the male's investment (Voss, 1979) , although the results obtained by Dewsbury (1984, 1988) cast doubt on this. In the hopping mouse it would seem unlikely that this coagulum originates only from the seminal vesicles and coagulating glands as these glands are minute. The secretion may, in part, also come from the ventral prostate perhaps interacting with secretions of the female reproductive tract: it appears similar to the viscous gel-like material found in the uterus of recently mated rats (Joshi et ai, 1972) . The previous association found in New World muroids between reduced accessory sex glands and absence of a large copula¬ tory plug may be generally applicable, but the present study suggests that a small plug of soft material occurs post coitum in at least this species of Australian murid in which reduced accessory sex glands exist in the male. The function of this coagulum is probably quite different from that of the vaginal plug of laboratory rats and mice; it may reduce leakage and/or backflow of the sperma¬ tozoa that are destined to pass to the higher reaches of the female tract. Clearly, however, many spermatozoa also become trapped around this 'plug' but whether they, together with the coagulum, reduce the chances of spermatozoa from a second possible mating passing up to the site of fertiliza¬ tion as recently suggested by Baker & Bellis (1988) is conjectural. Clearly further studies are needed to investigate these, and related phenomena, in this species of murid rodent that has such an anomalous reproductive anatomy.
